Introduction
When faced with challenge, the body responds by turning on complex adaptive pathways that are turned off when the threat passes. Failure to achieve stability in the face of acute stress (major life events or events that trigger the 'fight-or-flight' response) or chronic stress (the cumulative load of minor day-to-day stresses) has long-term consequences. In animals, two important systems that mediate quick and precise responses to stresses are the nervous and immune systems. These systems are connected physically and physiologically, and share many similarities that facilitate interactions between them (Box 1).
Physiologically and emotionally challenging experiences can be described as 'stress' . It is known both from anecdotal evidence and published studies that sustained neuronal activities, such as experiencing prolonged psychological and emotional stresses, negatively impact the immunological state (Glaser and KiecoltGlaser, 2005) . For example, prolonged elevated psychological stress is associated with increased risk of infection by respiratory viruses (Cohen et al., 1991; Stone et al., 1992) . Interestingly, in mice, psychological stress elevates glucocorticoid levels, causing a consequent downregulation of antimicrobial peptides in the skin, and increases susceptibility to streptococcal skin infections (Aberg et al., 2007) . The stress-immune connection also extends to invertebrates. In black garden ants, caste dimorphism influences the expression of innate immune genes (Graff et al., 2007) . Thus, the detrimental effects of sustained stress on immune function are not limited to humans but seem to be conserved across vertebrate and invertebrate species.
Stress influences the nervous system and innate immunity through conserved mechanisms. In humans, chronic stress and depression lead to persistent activation of the hypothalamicpituitary-adrenal (HPA) axis and the sympathetic-adrenalmedullary (SAM) axis (Kudielka and Wust, 2010) . Chronic secretion of glucocorticoids and noradrenaline (norepinephrine) from the HPA and SAM axes, respectively, can have profound effects on many immune functions (Sternberg, 2006) . In rodents, multiple 'emotional' stressors (cohabitation with sick cage-mate, social subordination) and physical stressors (inescapable footshock, individual housing) increase noradrenaline turnover in the hypothalamus, indicating activation of the sympathetic nervous system (Costa-Pinto and Palermo-Neto, 2010) . Unlike with humans, it is not easy or possible to ascertain the psychological state or stress of many genetically amenable model organisms, such as C. elegans and Drosophila. However, given that stress affects neuronal secretion, which in turn affects immune function, these organisms might be useful for investigating the molecular mechanisms underlying the various effects of nervous system activity on immunity. In this Perspective article, we briefly discuss the interactions between the nervous and immune systems, as well as how investigations into infection of C. elegans by various pathogens extends our knowledge of how the nervous system affects epithelial immunity. We also propose areas of research in which the C. elegans model could contribute to our understanding of neuronal regulation of immunity. Finally, we highlight areas in which other animal models are needed to compliment or extend findings in the C. elegans system to make them relevant to human disease.
Interaction between the nervous and innate immune systems
The nervous and immune systems communicate through multiple neuroanatomical and neurohormonal routes. For example, the release of immune mediators elicited by invading pathogens triggers the nervous system to initially amplify local immune responses to
The innate immune response is evoked as a consequence of interactions between invading foreign infectious agents and host immune cells. A successful innate immune response is pivotal in maintaining the delicate balance between health and disease; an insufficient response results in infection, whereas an excessive response results in prolonged inflammation and tissue damage. Alterations in the state and function of the nervous system influence the immune response. The nervous system regulates innate immune responses through the release of neurotransmitters, neuropeptides and neurohormones. However, many questions related to the molecular and cellular mechanisms involved, the physiological role of the link between the immune and the nervous system, and the biological significance of neuro-immune interactions remain unresolved. The interactions between the nematode Caenorhabditis elegans and its pathogens provide insights into mechanisms of neuroendocrine regulation of immunity and address many outstanding issues related to neuro-immune interactions.
facilitate pathogen clearance. Subsequently, the nervous systemthrough systemic endocrine and regional neuronal routessuppresses the immune response to restore the body to a homeostatic state. The mechanisms and the mode of action of various nervous-system-derived mediators in regulating innate and adaptive immunity have been studied extensively, and have been summarized in excellent reviews (e.g. Steinman, 2004; Sternberg, 2006) . Much of our current understanding about the intricate neuroimmune interactions and their implications on health and diseases comes from studies performed in rats and mice. Together with human studies, this work has established a framework for future studies on neural-immune communications. Although the nervous systems of rodents are complex, regimens that mimic conditions of chronic stress have enabled experimental assessment of the effects of chronic stress on immunity (Schmidt et al., 2010) . Chronic sympathetic nervous system activation can also be achieved by generating mice that lack adrenergic receptors (Hein et al., 1999) . However, whether immune functions are altered in the latter model of chronic sympathetic nervous system activation, and whether the effects mimic those induced by chronic stress, are issues that have not been addressed. The complexity of the mammalian brain is an additional challenge: the human brain contains close to 100 billion neurons that function in a highly coordinated manner to regulate organismal physiology and behavior. Technical limitations in addressing these issues hampers progress in understanding the molecular mechanisms underlying neuroendocrine regulation of immunity in vivo.
Studies using genetically tractable invertebrates such as Drosophila and C. elegans have contributed much to our understanding of innate immunity. Innate immunity is the first line of defense against pathogens and, in higher vertebrates, it influences the adaptive immune response (Hoebe et al., 2004) . Innate immunity can be divided into two distinct but overlapping components: basal and inducible immunity. Basal immunity includes constitutively expressed antimicrobial effectors, such as defensins, that allow the host to instantaneously respond to invading pathogens (Zhao et al., 1996; O'Neil et al., 1999; Ooi et al., 2002) . Inducible innate immunity is activated only following pathogen exposure, supplying additional effector molecules and immune effector cells to assist in host defense. Recent studies of invertebrates and vertebrates have provided compelling evidence that innate immunity is largely conserved across evolutionary lineages. Together with our knowledge of their nervous systems, Drosophila and C. elegans have great potential to be exploited as experimental systems to address issues regarding how the nervous system affects innate immunity. However, with the possible exception of the effect of circadian rhythms on immunity (ShirasuHiza et al., 2007) , little is known about how the activity of the nervous system affects immune function in Drosophila. By contrast, multiple recent studies have exploited the relatively simple and welldefined nervous and immune systems of C. elegans to reveal distinct mechanisms of neuronal regulation of innate immunity Styer et al., 2008; Anyanful et al., 2009; Reddy et al., 2009; Zugasti and Ewbank, 2009 ). In the following sections, we summarize our current knowledge of the C. elegans innate immune system and discuss how epithelial immunity of this organism is influenced by the nervous system.
C. elegans innate immunity
Over the past decade, studies on how C. elegans defends itself from various bacterial, fungal and microsporidial pathogens have provided genetic and genomic tools to the area of host-pathogen interactions. A central mechanism of innate immunity in most studied animals involves an axis formed by recognition of pathogenassociated molecular patterns (PAMPs) by Toll-like receptors (TLRs), and the activation of nuclear factor-kB (NFkB) transcription factors. Despite lacking the TLR-NFkB axis and 'professional' immune cells, such as macrophages and neutrophils, C. elegans can effectively protect itself from diverse pathogens. C. elegans relies mainly on the innate immune response of epithelial cells to fight off microbial infections at the epidermis and in the intestine. As a result, C. elegans has contributed substantially to our knowledge of epithelial immunity and NFkB-independent immune pathways. Studies of C. elegans have revealed that the expression of host defense effectors is regulated by several evolutionarily conserved signaling pathways (Irazoqui et al., 2010) , including a p38 mitogen-activated protein kinase (MAPK) pathway, the insulin/insulin-growth-factor-receptor (IGF-1) pathway, a transforming growth factor- (TGF) pathway and a programmed cell death (PCD) pathway (Aballay and Ausubel, 2001; Tan, 2001; Kim et al., 2002; Garsin et al., 2003) . Conserved transcription factors -such as the endodermal zinc finger GATA (Kerry et al., 2006; Shapira et al., 2006) and the bZIP transcription factors (Estes et al., 2010 ) -regulate the expression of genes encoding host effector molecules. These and other aspects of C. elegans as a model to study host-pathogen interactions have been reviewed extensively (Schulenburg et al., 2004; Gravato-Nobre and Hodgkin, 2005; Sifri et al., 2005; Irazoqui et al., 2010) and will not be elaborated on here. We instead focus on the unique features that make C. elegans an ideal model for interrogating neuronal-endocrine-immune connections.
C. elegans as a model to analyze interactions between the nervous system and epithelial immunity
Studies of C. elegans have contributed significantly to the field of neurobiology, furthering our understanding of the development, organization and functioning of the nervous system in an entire organism. Although C. elegans has a simple nervous system, a wide variety of complex behaviors and responses to intrinsic and extrinsic stimuli have been characterized and analyzed (Riddle et al., 1997 • share developmental and functional mechanisms developed and robust innate immune system for fighting off pathogenic challenges. Many features make C. elegans uniquely suited to investigate the complex interactions between the neuronal, endocrine and immune systems (Box 2). These features have facilitated many discoveries and provided insights into how the nervous system affects immunity of the epidermis and the intestine.
Neuroendocrine regulation of the epidermal immune response
An important function of the skin (epidermis) is to provide antimicrobial defense. The C. elegans epithelial layer surrounding the animal consists of the epidermis (also known as hypodermis) and specialized cells. The epidermis secretes the cuticle to form the external surface of the worm. The epidermis also plays an important role in pathogen defense, and this is best understood from studies involving infection of C. elegans by the fungal pathogen Drechmeria coniospora. The conidia of D. coniospora germinate on contact with the worm cuticle and produce hyphae that can pierce the cuticle and the underlying epidermis. Defense against this fungus includes the induction of antimicrobial peptides encoded by both nlp-29 and the 'cnc-2 cluster' (Couillault et al., 2004) . Induction of nlp-29 in the epidermis requires cell-autonomous p38 MAPK signaling (Pujol et al., 2008b) . By contrast, induction of the epidermis-restricted cnc-2 is independent of p38 MAPK signaling and instead requires the neuronally expressed ligand DBL-1, which activates the C. elegans non-canonical TGF pathway (Zugasti and Ewbank, 2009) (Fig. 1 ). This TGF pathway consists of the heterodimeric receptor SMA-6-DAF-4 as well as the downstream signaling components that form the SMAD complex (SMA-2, SMA-3 and SMA-4). Thus, the C. elegans nervous system regulates epidermal immunity against fungal pathogens by producing a cytokine-like signal that induces the expression of antimicrobial peptides. In humans, TGF signaling plays a dual role in both proand anti-inflammatory responses (Wahl, 2007) . However, the mechanisms that mediate these dual effects are not well understood.
Recent studies of vertebrates revealed that skin is a prominent target of neuroendocrine signals that profoundly impact skin biology, including immunity (Arck et al., 2006; Peters et al., 2006) . For example, the neuroendocrine system controls the production and secretion of antimicrobials by the epidermis (Aberg et al., 2007) . Thus, C. elegans provides a useful system for studying the role of the neuroendocrine system in regulating the epidermal innate immune response.
Neuroendocrine regulation of intestinal immunity
Several features make C. elegans an excellent model in which to investigate interactions between pathogens and intestinal cells. The C. elegans digestive tract (gut) consists of the pharynx, intestine and rectum, with the intestine making up roughly one third of the total somatic mass of the animal. Although the entire intestine is derived clonally from a single cell (the E blastomere of the eightcell embryo), the cells are morphologically distinct, and might have dedicated functions (McGhee, 2007) . First, both extracellular and intracellular infections of the C. elegans intestinal tract have been described (Gravato-Nobre and Hodgkin, 2005; Troemel et al., 2008) . Second, C. elegans intestinal epithelial cells possess morphological features that are characteristic of mammalian intestinal cells, such as apical microvilli that are anchored into a terminal web of actin and intermediate filaments. Third, C. elegans is transparent, so colonization of intestinal cells by pathogens and intracellular translocation of fluorescently labeled host proteins can be observed over the course of an infection. Not surprisingly, host-pathogen interactions involving infection of the intestinal epithelial cells are among the most extensively studied infections in C. elegans. These features, together with the findings discussed in the following sections, support the idea that C. elegans is emerging as a facile and powerful system to study how the nervous system affects epithelial immunity.
Neuronal regulation of intestinal immunity though IIR-FOXO signaling
A functional connection between secretion from neuronal densecore vesicles and intestinal immunity was recently elucidated . Specifically, mutants defective in neuronal secretion, such as unc-13 and unc-31 mutants, were more resistant to infection by the human pathogen Pseudomonas aeruginosa; this correlated with decreased colonization and increased clearance of the pathogen, as well as enhanced basal and induced expression of immune-related genes. By contrast, mutations in neuronal G protein or G o a-signaling components, or treatments that resulted in a sustained increase in neuronal secretion in worms, increased
• C. elegans has a well-defined nervous system; the identity of each of its 302 neurons is known and the hardwiring of every neuron has been outlined, to the detail of all the 5000 synapses and 600 gap junctions between neurons being precisely mapped (Albertson and Thomson, 1976; White et al., 1986) • Genetic screens have yielded numerous mutants that affect neuronal function and have led to the delineation of pathways involved in the regulation of neuronal signaling and function (Bargmann and Kaplan, 1998) • Neuronal activation can be monitored by using cellular Ca 2+ imaging techniques (Dittman, 2009 ) and electrophysiological methods (Raizen and Avery, 1994) ; sophisticated microfluidic tools facilitate the study of neuronal responses under physiological conditions at a cellular level (Ben-Yakar et al., 2009) • Laser-beam-mediated ablation or triggered cell-necrosis-mediated degeneration of individual neurons helps eliminate specific neurons post developmentally (Sulston and White, 1980; Harbinder et al., 1997) • Infections by human pathogens result in rapid mortality, providing a quick and quantitative read out for the outcome of infection (Tan et al., 1999) • Infection-induced changes in the host tissue can be observed in live animals owing to the transparent body (Nicholas and Hodgkin, 2004) • Alterations in gene expression can be monitored using quantitative reverse transcriptase PCR (qRT-PCR) (Mallo et al., 2002; Shapira et al., 2006; Troemel et al., 2006) ; tissue localization and distribution of genes whose expression changes during infection can be observed using GFP transgenes (Couillault et al., 2004; Alper et al., 2007) -this information can be used to dissect the upstream signaling modules (Alper et al., 2007; Kurz et al., 2007) • Bacterial colonization and persistence can be measured either by enumerating live bacteria recovered from the intestinal lumen or using GFPtagged bacteria (Alegado and • Addition and reconstitution of metabolites and toxic substances can be easily achieved to study the effect of their loss or excess on host physiology and outcome of pathogenic challenge (Nandakumar and Tan, 2008; Green et al., 2009) • High-throughput small-molecule screens for chemical-genetic analysis of immune as well as neuronal processes can be carried out (Artal-Sanz et al., 2006; Moy et al., 2009) sensitivity to pathogens. These worms, whose immune responses are similar to those of humans undergoing prolonged psychological stress, have decreased expression of immunerelated genes. It was further demonstrated that neuronal activity regulates immunity by controlling secretion of insulin-like peptide (INS-7) from dense-core vesicles. INS-7 activates insulin/IGF-1-receptor (IIR) signaling in the intestinal cells, resulting in cytoplasmic retention of the FOXO transcription factor DAF-16 and decreased expression of antimicrobial genes (Fig. 1 ). This mechanism of innate immune regulation by G o a signaling through its effect on neuroendocrine secretion might be conserved. For example, the function of UNC-13 following synaptic vesicle docking and prior to vesicle fusion is highly conserved between Drosophila (Aravamudan et al., 1999) and mammals (Brose and Rosenmund, 2002) . Mammalian Munc13 proteins are also crucial for insulin secretion (Kang et al., 2006) , raising the possibility of neuronal regulation of IIR-FOXO signaling in immunity in mammals.
The importance of neuroendocrine modulation of immune function through IIR-FOXO signaling is further underscored by the discovery that pathogens have evolved mechanisms to subvert this pathway to suppress host immunity (Evans et al., 2008) . Infection of C. elegans by P. aeruginosa induces ins-7 expression. Increased INS-7 activates IIR-FOXO signaling, which accelerates the exit of the FOXO transcription factor DAF-16 from nuclei in intestinal cells and suppresses host immune-gene expression. This mechanism of immune suppression requires P. aeruginosa twocomponent response regulator GacA and the quorum sensing regulators LasR and RhlR. This is distinct from the suppression of host immunity by the type III secretion system, which involves the direct injection of virulence effectors into the host cytoplasm to inhibit or limit the duration of NFkB and MAPK activation. Interestingly, infection with the mouse enteric pathogen Citrobacter rodentium also relocates FOXO3a, the mammalian homolog of DAF-16, to the cytoplasm of intestinal epithelial cells in vivo. FOXO3a translocation from the nucleus to the cytoplasm is mediated by activation of the IIR-FOXO pathway (Snoeks et al., 2008) . Together, these observations raise the possibility that suppression of host immunity by inactivation of DAF-16 (FOXO3a in mammals) represents a conserved mechanism that is co-opted by pathogens of invertebrate and vertebrate hosts to suppress host immunity. Further studies using C. elegans will probably uncover additional molecular genetic determinants of pathogen virulence and host immunity as they 'battle' over the control of the IIR-FOXO pathway. Simplified depiction of our current understanding of mechanisms by which the nervous system interacts with and instructs the innate immune system in C. elegans. Neural mediators, which include identified neuropeptides (INS-7 and DBL-1), the neurotransmitter dopamine and as-yet-unidentified neuropeptides and neurotransmitters, are secreted from specialized membrane-bound vesicles in neurons and function in a non-cell-autonomous manner to regulate the expression of immune genes in epithelial and epidermal cells through known or unknown immune signaling pathways in C. elegans. Neuronally expressed INS-7 peptide released from dense-core vesicles activates DAF-2 (insulin/IGF-1 receptor) and suppresses expression of DAF-16-regulated antimicrobial genes . Neuron-derived DBL-1 binds TGF receptor SMA-6 and activates the SMAD complex (SMA-2, -3 and -4), which regulates the expression of target genes involved in the immune response (Zugasti and Ewbank, 2009 ). This schematic is simplified and underestimates the regulatory complexity in space and time, because all interactions are depicted as occurring simultaneously in a single cell of a given cell type. INS-7, neuropeptide ligand for IIR-FOXO; DAF-2, IIR receptor; DAF-16, FOXO transcription factor; DBL-1, TGF ligand; SMA-6, TGF receptor; SMA-2,3,4, SMAD complex.
Regulation of immunity by dopaminergic signaling
and requires the IIR-FOXO and p38 MAPK signaling pathways. Conditioning is mediated by dopamine, because mutants defective in dopamine binding, synthesis and uptake are significantly impaired in the conditioning response. C. elegans hermaphrodites have eight dopaminergic neurons, and these have sensory endings that are exposed to the external environment. The dopaminergic pathway has been implicated in the modulation of diverse forms of behavioral plasticity, including food sensing (Sawin et al., 2000; Kindt et al., 2007) . Whether dopamine also mediates the detection of pathogens by sensory neurons remains to be determined. It is also currently unclear whether dopamine regulates IIR-FOXO and p38 MAPK signaling pathways directly or indirectly, and how dopamine affects intestinal gene expression is unknown. Dopamine also plays a role in modulating immunity in mammals (Wrona, 2006) : studies have shown that some neurological diseases associated with hypo-and hyperactivity of the central dopaminergic system, such as Parkinson's disease and schizophrenia, are closely correlated with severely abnormal immune functions (Muller et al., 1993; Basu and Dasgupta, 2000) . Further investigation using C. elegans as a model has the potential to shed light on the universal molecular mechanisms by which dopamine influences the immune response.
NPR-1-mediated pathogen resistance
Two independent studies have shown that the C. elegans npr-1 gene, which encodes a G-protein coupled receptor most similar to the mammalian neuropeptide Y (NPY) receptor, is required for resistance to P. aeruginosa (Styer et al., 2008; Reddy et al., 2009 ). However, the mechanism by which this neuronally restricted protein mediates pathogen resistance remains unresolved. Styer et al. concluded from their study that NPR-1 functions in three sensory neurons to directly regulate the intestinal expression of immune genes regulated by p38 MAPK signaling (Styer et al., 2008) . By contrast, Reddy et al. proposed that the observed effect of NPR-1 on immunity was an indirect effect of the influence of npr-1 on oxygen-dependent behavioral avoidance (Reddy et al., 2009 ). The two studies carried out similar experiments, such as assaying susceptibility under conditions in which contributions of behavior to the outcome of infection were minimized. Yet, despite controlling for possible contribution of behavioral alterations to the outcome of the assays, these studies reported conflicting results. Whereas Styer et al. noted a significant increase in the susceptibility of the npr-1 mutant to pathogens, Reddy et al. reported that pathogen susceptibility of the npr-1 mutant was indistinguishable from that of the wild type. Whether the different conclusions reached by the two groups were due to cryptic differences in strain backgrounds or experimental conditions remains to be established. Another difference in the two studies was the conclusion reached based on the expression pattern of innate immunity genes, which was used to ascertain the effect of npr-1 on the p38 MAPK signaling pathway. Styer et al. compared the expression profile of npr-1 mutants with that of wild-type animals under conditions of P. aeruginosa infection and observed decreased expression of immunity genes in the npr-1 mutant. To rule out the possibility that varying degrees of pathogen exposure contributed to infectionrelated transcriptional changes, Reddy et al. evaluated the effect of NPR-1 on the basal expression of p38 MAPK 1 (PMK-1)-regulated immune genes and concluded that PMK-1-regulated gene expression was unperturbed in npr-1 mutants. Assessment of gene expression patterns under different conditions can lead to differential conclusions on the effect of npr-1 on the p38 MAPK signaling pathway. Additionally, basal expression, infection-induced expression and fold change upon infection are different analytical parameters that can lead to differential categorization of a target gene for its upstream regulatory signaling pathway.
Despite the different conclusions of these studies, the findings reveal yet another aspect of interaction between the nervous and innate immune systems. Mammalian NPY is involved in the neuronal regulation of immunity through the sympathetic nervous system (Elenkov et al., 2000) . Although C. elegans lacks an identifiable NPY gene, the genome contains many predicted neuropeptides that can function as NPR-1 ligands (Bargmann, 1998; Li et al., 1999) . Indeed, the FMRF-amide (Phe-Met-Arg-Phe-NH 2 )-related peptides [FaRPs, which are encoded by FMRF-amide-like neuropeptide (flp) genes] FLP-18 and FLP-21 can function as endogenous ligands for NPR-1 in regulating oxygen sensing (Rogers et al., 2003) . The role of these and other related neuropeptides in immunity remains to be investigated. The findings of Reddy et al. also allude to the involvement of behavioral responses in protection from pathogenic challenge; however, an in-depth discussion of the interplay between behavior and immunity is beyond the scope of this article. Whether C. elegans is an appropriate model to investigate conserved NPY-mediated immune regulation remains to be established.
Future perspectives: using C. elegans to address outstanding questions regarding neuro-immune interactions
Activity of the nervous system can profoundly affect the competence of the immune system and hence dramatically influence human health. Given the complexity of the human nervous and immune systems, and genetic heterogeneity between individuals, an in-depth understanding of the mechanisms underlying neuro-immune interactions remains a herculean task. Any therapeutic strategy to intervene requires in-depth understanding of the cellular and molecular mechanisms underlying neuro-immune interactions, some of which are probably conserved across evolution. For the conserved mechanisms, animal models might prove to be important. Features and tools that make C. elegans an attractive model system for genetic analysis of neuro-immune interactions in vivo, as listed in Box 2, have helped to obtain new insights. In the following sections, we propose some additional questions pertaining to neuroendocrine interaction with epithelial immunity that C. elegans might be particularly well suited to address.
Neural mediators of immunity
The C. elegans and vertebrate nervous systems have many parallels and a few striking differences. Genes that function in neurotransmitter biosynthesis and synaptic release, as well as neurotransmitter receptors, are highly conserved between C. elegans and mammals (Bargmann, 1998) . The similarities extend to mechanisms of synthesis, release and signaling by these neurotransmitters (Richmond, 2005; Chase and Koelle, 2007; Rand, 2007) . Recent studies have implicated two neuronally expressed peptides, INS-7 and DBL-1, as well as the neurotransmitter dopamine, in the regulation of epithelial immune responses to bacterial and fungal pathogens Anyanful et al., 2009; Zugasti and Ewbank, 2009) . A role for an NPY-like receptor, NPR-1, in pathogen resistance has also been proposed (Styer et al., 2008; Reddy et al., 2009 ), but the ligand that mediates this process remains to be determined. Potential neural mediators of epithelial immunity in C. elegans that warrant investigation include additional neuropeptides and neurotransmitters.
Neuropeptides
In general, neuropeptides are short sequences of amino acids that are packaged as precursor peptides and processed in dense-core vesicles prior to secretion by neurons (Li and Kim, 2008) . In mammals, many neuropeptides, including endogenous opioids (endorphins, enkephalins, dynorphins), substance P and NPY, have been implicated in immune regulation (Zakharova and Vasilenko, 2001; Sternberg, 2006) . The C. elegans genome seems not to encode these peptides nor their receptors (Bargmann, 1998); however, it contains 113 predicted genes encoding at least 250 distinct neuropeptides (Li and Kim, 2008 ) that fall into three large families: (1) INS, the insulin-like peptides (Pierce et al., 2001 ); (2) FLP (the FaRPs) (Li, 2005) ; and (3) NLP, the neuropeptide-like proteins that make up a highly diverse group of non-insulin, non-FLP peptides (Nathoo et al., 2001) . To date, only INS-7 has been shown to signal through the nervous system to intestinal cells to modulate immune function . NPR-1 is a neuropeptide receptor and, thus far, FLP-18 and FLP-21 have been shown to function as ligands of NPR-1 for oxygen sensing (Rogers et al., 2003) . However, a flp-21 mutant had no detectable immune defects, indicating that FLP-21 is dispensable for NPR-1-mediated pathogen resistance (William C. Chen and M.-W.T., unpublished). The existence of a large neuropeptide gene family in C. elegans leaves open the possibility that additional neuropeptides modulate the immune response.
In addition to their function as signaling molecules, some neuropeptides, such as substance P and NPY, also act as antimicrobials against a wide range of Gram-positive and Gramnegative bacteria and yeasts, demonstrating yet another conserved means of neural-immune cooperation to maximize host survival (Shimizu et al., 1998; Hansen et al., 2006; El Karim et al., 2008) . The amphipathic nature and cationic charge might confer antimicrobial ability to some of the neuropeptides (Brogden et al., 2005) . In addition to the neurons, the olfactory epithelium, gingival cavity and gastrointestinal tract also secrete some neuropeptides (Dawidson et al., 1997; Marutsuka et al., 2001; Linden et al., 2002; El Karim et al., 2006) . C. elegans NLP-31 was shown to have antifungal and modest antibacterial activity (Couillault et al., 2004) . Interestingly, NLP-29 and CNC-2 (a member of the NLP family), which are expressed in the epidermis, also contribute to anti-fungal defense: overexpression of nlp-29 and cnc gene clusters enhances resistance to the fungus Drechmeria (Couillault et al., 2004; Pujol et al., 2008a; Zugasti and Ewbank, 2009) . Whether other C. elegans neuropeptides possess antimicrobial activity remains to be determined.
Neurotransmitters
Neurotransmitters are small chemical messengers that are packaged into specialized membrane-bound vesicles in neurons for immediate release in response to appropriate stimuli. Neurotransmitters, including acetylcholine (ACh), dopamine, serotonin and noradrenaline, have been implicated in the interaction between the nervous and the immune systems in mammals (Mossner and Lesch, 1998; Elenkov et al., 2000; RosasBallina and Tracey, 2009) . With the exception of dopamine, which was mentioned earlier, we discuss here the possible role of these neurotransmitters in innate immunity.
Adrenaline and noradrenaline
The classic fight-or-flight response activation of the sympathetic nervous system results in the release of catecholamines, such as adrenaline (epinephrine) and noradrenaline, from the adrenal medulla and sympathetic nerve terminals. These catecholamines mediate their effects through adrenoceptors to elicit a wide range of physiological changes that are able to aid an animal in the face of imminent danger. Noradrenaline and adrenaline are important efferent immune modulators because they can modulate a range of immune-cell activities, including cell proliferation, cytokine and antibody production, lytic activity, and migration (Elenkov et al., 2000) . How these neurotransmitters affect immunity of the epithelial cells remains unclear. Although adrenaline and noradrenaline are absent in invertebrates, their functional counterparts in insects and C. elegans are tyramine and octopamine, respectively (Horvitz et al., 1982; Roeder et al., 2003; Alkema et al., 2005) . It will be interesting to determine whether these catecholamines function in the C. elegans epithelial immune response.
Acetylcholine
The cholinergic system plays an important role in the inflammatory response (Rosas-Ballina and Tracey, 2009). ACh is a component of the cholinergic system, which acts through muscarinic and nicotinic ACh receptors (mAChRs and nAChRs, respectively) and acetylcholinesterase (AChE). Specifically, ACh functions as an antiinflammatory signal by binding to nAChRs on macrophages and inhibiting NFkB signaling. The ACh level is controlled by AChE, which hydrolyses ACh. Recently, a mechanism by which a microRNA modulates cholinergic signaling to affect immune response was elucidated in mice (Shaked et al., 2009) . First discovered in C. elegans, microRNAs are small non-coding regulatory RNAs that have emerged as important posttranscriptional modulators of gene expression in many tissues, including the nervous and immune systems. For example, in response to inflammatory stimuli, leukocytes induce miR-132 expression: miR-132 binds to the 3Ј-untranslated region of AChE transcripts, resulting in decreased levels of AChE and a corresponding increase in ACh. Thus, induction of miR-132 expression reduces inflammation.
Although the cholinergic pathway is well characterized in C. elegans, its role in immunity has not been determined. Similarly to that in mice, C. elegans cholinergic signaling is regulated by a microRNA, miR-1 (Simon et al., 2008) . miR-1 affects both the amount of ACh released by presynaptic neurons (via a retrograde signal that involves the myogenic transcription factor mef-2) as well as postsynaptic sensitivity of muscle cells to ACh. Interestingly, we have observed that mef-2 mutants are sensitive to P. aeruginosa (Marianne C. Campbell and M.-W.T., unpublished). It is therefore tempting to speculate that worms could use miR-1 to regulate MEF-2 activity and use presynaptic levels of ACh to influence neuro-immune communication.
Serotonin
Serotonin is a monoamine neurotransmitter that is widely distributed in the gut and the central nervous system (CNS), and functions in various neuro-immune interactions. During the inflammatory response, serotonin triggers the release of various chemotactic factors from peripheral blood leukocytes and endothelial cells to attract immune cells to the site of inflammation to clear pathogens (Das et al., 1997) . Additionally, serotonin function is required for optimal macrophage activity in both innate and adaptive immunity (Mossner and Lesch, 1998) . Whether serotonin affects the C. elegans immune response to pathogenic challenge remains to be fully resolved. C. elegans can detect and avoid pathogenic bacteria, and this 'associative learning' is mediated by serotonin (Zhang et al., 2005) . A serotonin biosynthetic mutant worm that does not produce detectable serotonin is indistinguishable from wild type with respect to its sensitivity to infection by P. aeruginosa (Zhang et al., 2005; Kawli and Tan, 2008) . However, in a separate study using conditions that prevented pathogen avoidance, the same mutant was more susceptible (Shivers et al., 2009) . Further studies that compare expression of immune-related genes in the epithelial cells in serotonin-deficient and wild-type animals should help to determine the direct role of serotonin in C. elegans immunity.
-aminobutyric acid and glutamate
-aminobutyric acid (GABA) and glutamate play a central role in HPA-stress integration. In response to stress, the HPA is activated and immunity is suppressed. Central glutamate systems activate the HPA, whereas GABA inhibits the HPA (Makara and Stark, 1974; Feldman and Weidenfeld, 1997) . During stress, GABA also directly influences epithelial immunity. For example, in human volunteers, anxiety and stress are associated with lower levels of salivary immunoglobulin A (IgA). IgA secretion by the oral mucosa offers protection against oral and upper respiratory tract infections. GABA administration prior to stressful stimuli exposure elevates IgA secretion under stress (Abdou et al., 2006) .
C. elegans uses both GABA and glutamate as neurotransmitters. C. elegans mutants that are deficient in GABA (due to genetic lesion in the unc-25 gene, which encodes a GABA biosynthetic enzyme) are sensitive to infection by P. aeruginosa. However, the observed pathogen sensitivity is probably indirect and due to a requirement of GABA for defecation, because most defecation-defective animals exhibit increased pathogen sensitivity regardless of their immune status (Shapira and Tan, 2008) . The role for GABA in C. elegans immunity has not been completely ruled out because the expression of epithelial immunity genes in GABA-deficient animals has not been determined. In addition, the role of glutamate in C. elegans immunity has not been ascertained.
The importance of neurotransmitters in signaling host stress and immune activation is further highlighted by the presence of diverse mechanisms that pathogens have evolved to detect and respond to them. For example, EPEC can respond to host-derived noradrenaline by triggering translocation of type III effectors into the host cell to derange the host cytoskeleton (Sperandio et al., 2003) . Detection of noradrenaline by P. aeruginosa increases the expression of the bacterial PA-1 lectin; PA-1 lectin directly contributes to virulence by facilitating the action of the lethal cytotoxin, exotoxin A (Alverdy et al., 2000) . Given that these pathogens can infect C. elegans, it might be possible to investigate how pathogens interact with host-derived neurotransmitters in this model. Additionally, effects of pharmacological agonists or antagonists of neurotransmitters or modulators of their signaling can be easily assayed in C. elegans by feeding with these small molecules (Petrascheck et al., 2007) . Coupled with established methods of infecting worms with multiple enteric pathogens, it is possible to use the extensive C. elegans genetic tools to investigate the roles of neuropeptides and neurotransmitters in modulating host-pathogen interactions in vivo.
Additional factors influencing neuro-immune interactions
Diverse environmental and physiological factors influence neuroimmune interactions. However, the molecular mechanisms through which these factors influence nervous system regulation of immunity remains largely unknown. Here, we focus on the effects of aging, nicotine and alcohol on the neuro-immune axis, and discuss how studies of C. elegans could aid our understanding of the molecular mechanisms underlying these perturbations.
Aging
Aging is a programmed progressive decline in organismal function and physiology, and is often associated with increased susceptibility to diseases. Age-related decline in protective immune functions accounts for the increased susceptibility and severity of infections diseases in the elderly. Increased age is also associated with a gradual impairment of the nervous system. Alterations in the nervous and immune systems with advanced age consequently perturb neuro-immune interactions in the elderly (De la Fuente, 2008) . Studies of C. elegans have contributed significantly to the field of aging research because this model organism shows several hallmarks of aging that are common to humans (Guarente and Kenyon, 2000; Tatar et al., 2003) . Like humans, older worms show increased susceptibility to bacterial infections (Garigan et al., 2002) and display an age-associated decline in nervous system function (Collins et al., 2008) . Genetic screens in C. elegans have led to the identification of mutants that have increased longevity as well as those with progeric phenotypes, and the molecular mechanisms underlying these phenotypes have been partly understood. Interestingly, the C. elegans long-lived insulin/IGF-1-receptor mutant is resistant to bacterial infection owing to a robust immune system (Garsin et al., 2003; Murphy et al., 2003; Evans et al., 2008) . In addition to the wellcharacterized IIR-FOXO pathway, which determines lifespan, additional independent mechanisms that regulate longevity have been identified in worms as well as humans (Greer and Brunet, 2008) . However, whether these mechanisms influence immune functions and neuro-immune regulation, and how, remains to be elucidated. C. elegans will probably continue to contribute to our understanding of the underlying molecular mechanisms of aging-associated deregulation of neuro-immune interaction.
Nicotine
Inhalation of cigarette smoke is associated with a significantly increased risk of microbial infections (Nuorti et al., 2000; Obeid and Bercy, 2000) . Among other effects, cigarette smoke suppresses the antimicrobial activity of alveolar macrophages (King et al., 1988) . Nicotine, the active addictive component of cigarette smoke, is an important contributor to the detrimental effects of smoking on immune function, because it influences the central and autonomic nervous systems (Sopori et al., 1998; Singh et al., 2000) . Similarly to ACh, nicotine binds to the a7 nAChRs to downregulate immune function (Wang et al., 2003) . C. elegans possesses a rich array of nAChRs (Mongan et al., 1998) and responds to nicotine in a manner similar to mammals (Feng et al., 2006) . Worm responses to nicotine include an acute response upon exposure, a tolerance response to chronic exposure and a withdrawal response upon removal. Nicotine responses in C. elegans are also dependent on nAChRs (Feng et al., 2006) . Recently, the immunosuppressive effect of cigarette smoke on C. elegans immunity was demonstrated (Green et al., 2009 ). Exposure to cigarette smoke decreases the ability to clear infections and is associated with reduced expression of lpb-7, which encodes a fatty-acid-binding protein. Interestingly, in human bronchial epithelial cells exposed to cigarette smoke, expression of FABP5, the homolog of lbp-7, is also downregulated (Green et al., 2009) , suggesting that the effect of cigarette smoke on epithelial immunity is conserved. Whether these effects are mediated by nicotine and how a fatty-acid-binding protein mediates epithelial immunity remains to be determined. Interestingly, exposure to nicotine also increases the sensitivity of C. elegans to bacterial infections (Madhumitha Nandakumar and M.-W.T., unpublished). An association between smoking and downregulation of fatty acid biosynthetic enzymes (specifically delta-6 desaturases required for omega-3 and omega-6 fatty acid biosynthesis) has been noted. In C. elegans, omega-3 and omega-6 fatty acids, -linolenic, and stearidonic acids, are crucial for innate immune regulation. Reduction in -linolenic and stearidonic acids decreases p38 MAPK activation in intestinal epithelial cells and lowers the expression of antimicrobial genes (Nandakumar and Tan, 2008) . Whether cigarette smoke influences p38 MAPK-mediated immunity through lbp-7 or through an effect on fatty acid levels remains an open question. The relative ease of exposing worms to environmental toxic agents suggests that C. elegans can serve as a facile model to uncover molecular mechanisms underlying the effects of nicotine as well as many other environmental factors that influence the neuroendocrine regulation of epithelial immunity in vivo.
Alcohol
Alcohol abuse results in various abnormalities of the immune system and is associated with compromised immunity (Szabo and Mandrekar, 2009 ). Among its many effects, alcohol influences immune function mainly through the HPA: acute alcohol exposure stimulates the HPA to release neural immunomodulators (Haddad, 2004) . Studies in C. elegans have identified presynaptic proteins, including RAB-3 and UNC-18, as ethanol targets, suggesting that ethanol influences neuronal function by affecting crucial steps of vesicle priming (Kapfhamer et al., 2008; Graham et al., 2009 ). The mouse RAB-3 ortholog also functions in ethanol sensitivity (Kapfhamer et al., 2008) , suggesting a conserved mechanism by which ethanol affects neuronal function. The extensive knowledge of the function and regulation of synaptic activity in C. elegans, combined with the ability to assess immune function, offers unexplored avenues for the investigation of the effects of alcohol and other neuroactive compounds on the neuro-immune axis.
Limitations of the C. elegans model for studying neuroimmune interactions
Despite its attractiveness as a model for the study of molecular, cellular and physiological mechanisms underlying the neural regulation of innate immunity, it must be noted that C. elegans, like any model system, has its inherent limitations in informing us about human neuro-immune mechanisms. The first and most crucial is the absence of a classical inflammatory response and of the vasoactive biogenic amine histamine that triggers this response. To induce and resolve inflammation, the CNS and peripheral nervous system induce the secretion of pro-or anti-inflammatory cytokines by immune cells through the secretion of hormones, neuropeptides and neurotransmitters. Studies addressing neuronal regulation of the inflammatory response must therefore be performed in other models, such as zebrafish and mammalian hosts, that have inflammatory responses similar to humans. However, the absence of an inflammatory response in C. elegans offers the opportunity to identify immune pathways or responses under neuroendocrine regulation that might otherwise be masked by the prominence of the inflammatory response. These pathways or responses in C. elegans could potentially provide testable hypotheses and targets for the identification of additional mechanisms of neuronal regulation of innate immune mechanisms in humans.
Second, the C. elegans nervous system lacks the complex structural organization of the mammalian nervous system. For example, in humans, the lymphoid organs and intestine are innervated (Elenkov et al., 2000; Sternberg, 2006) . In C. elegans, neither the intestine nor the hypodermis (in which immune responses have been shown to be modulated by the nervous system) possesses any direct innervation or synapse (Sulston and Horvitz, 1977; Sulston, 1983; Kawli and Tan, 2008; Zugasti and Ewbank, 2009) . Therefore, other models are necessary to unravel the structural organization and regulation of the neuro-immune axis.
Third, the C. elegans genome does not encode homologs of neuropeptides, such as substance P and NPY, that have been implicated in mammalian neuro-immune interactions (Elenkov et al., 2000; Sternberg, 2006) . These differences change the landscape of signaling molecules involved in C. elegans neuro-immune regulation. This scenario could reveal new mediators and features of neuronal regulation of epithelial immunity that could be further tested for conservation in mammals. Alternatively, they might represent regulatory pathways that are unique to C. elegans owing to its evolutionary history. Regarding the latter point, although this information might not be directly relevant to human health, it could be useful for the control of parasitic nematodes, which share a high degree of similarity with C. elegans (De Ley, 2006) . Finally, the neuroendocrine system also affects the function of B and T cells of the adaptive immune system, and molecular insights into the antigen-specific immune responses in which these cell types are involved can only be gained from studies of higher vertebrates.
Conclusions
Evidence for the impact of nervous system and immune system interaction on the fine balance between human health and disease
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Neuro-immune interactions in infectious disease PERSPECTIVE states is compelling. Any therapy designed to intervene and sustain a robust immune function in the face of stressful life events must depend on an in-depth understanding of how the activity of the nervous system affects immunity. Such studies in humans have been very challenging owing to the complexity of the nervous system and the genetic heterogeneity of human populations. Studies of C. elegans, with its facile genetics and wellstudied innate and nervous systems, are likely to contribute to our understanding of how the neuroendocrine system affects epithelial immunity at the level of the whole organism. Detailed insights into these mechanisms will encourage more targeted investigations in humans. By combining studies in C. elegans with other model systems, obtaining a comprehensive understanding of the complex triad interactions of the neuronal-endocrineimmune system in maintaining homeostasis might be an achievable goal.
